Ludwig's Bustard Neotis ludwigii, endemic to Africa's south-west arid zone, is susceptible to collisions with overhead power lines. Limited data from the south-eastern part of its range suggest that this factor may threaten its survival. We estimated transmission line collision rates for Ludwig's Bustard across its South African range to assess the effect of this mortality on the population. Conservatively, collision rates averaged at least 0.63 6 0.12 fatal collisions per km of transmission line per year, with relatively little regional variation. Despite being less abundant, the larger males were more collision-prone than females, which might account for the femalebiased population. Extrapolating collision rates across the range of the species suggests that 4,000-11,900 birds are killed annually on high-voltage transmission lines. Actual mortality on overhead lines is probably much greater, given biases in carcass detection (crippling, scavenging and habitat biases), as well as the fact that our estimate excludes mortality on lower voltage distribution lines and telephone wires. Given an estimated global population of 56,000-81,000 birds in the late 1980s, the demographic invariant method suggests that such mortality is unsustainable. This result supports the recent upgrading of the conservation status of Ludwig's Bustard from 'Least Concern' to 'Endangered', and highlights the need for further research on this problem.
Introduction
Ludwig's Bustard Neotis ludwigii is endemic to the arid zone of south-west Africa, ranging from extreme south-west Angola through Namibia to the Karoo scrublands of western South Africa, occasionally reaching south-west Botswana and Lesotho (Allan 1997, Fig. 1) . Its total range is roughly 380,000 km 2 but it occurs patchily, moving in response to local rainfall patterns (Herholdt 1988 , Allan 2005 . Allan (1994) estimated the global population in the late 1980s to be 56,000-81,000 birds, with at least half of these occurring in South Africa. The species is listed 'Vulnerable' in South Africa due to the impacts of collisions with overhead wires and hunting (Barnes 2000) .
As a large (up to 6 kg), open-country species that undertakes daily flights to and from roost sites as well as longer distance movements (Allan 2005) , it is particularly susceptible to collision with overhead lines. Surveys in the eastern Karoo in the late 1990s found that Ludwig's Bustards comprised almost half of all birds killed by colliding with power lines (Anderson 2001) , with bustard collision rates of 0.5-2 birds km -1 year -1 (M. D. Anderson unpubl. data). They also are killed by colliding with other overhead wires (Herholdt 1988) , with telephone lines accounting for 23% of collision mortalities in one study (Allan 2005) . Given that 17,000 km of high voltage transmission lines ($ 132 kV) cross the species' range (see methods for details), as well as thousands more kilometres of low-voltage distribution lines and telephone lines, there is an urgent need to assess whether the collision rates reported for the eastern Karoo occur throughout the range. In this paper we estimate collision rates for six sections of transmission lines in the Succulent and Nama Karoo of South Africa. We use the demographic invariant method (Niel and Lebreton 2005) to assess whether the extrapolated mortality is sustainable.
Methods
Bustard collision rates were estimated at six sites across Ludwig's Bustard range in South Africa (Fig. 1) . All surveys were conducted along 400 kV transmission lines because they have fourwheel-drive tracks running beneath the lines, facilitating access. After initial clearing of carcasses, repeat surveys were made to assess the mortality rate of bustards. At two sites near De Aar in the eastern Nama Karoo, three repeat surveys were made at 2-6 month intervals from May 2008 (49 km of the Hydra-Poseidon line) and August 2008 (63 km of the Droërivier-Hydra line; Table 1 ). At the other four sites, initial clearing took place in early May 2009, with repeat sampling three months later in early August 2009 (Table 1) . These sites were located in the Knersvlakte bioregion of the Succulent Karoo, between the Helios and Juno substations (53 km), in the Bushmanland bioregion of the western Nama Karoo (Aries-Helios, 54 km), in the eastern Nama Karoo (Hydra-Kronos, 49 km) and along two sections of the Droërivier-Muldersvlei/ Bachus line (70 km) in the southern Nama and Succulent Karoo ( Table 1) . Surveys were conducted from a vehicle with a driver and at least one observer scanning the area ahead and 5-15 m to the side of the vehicle for collision remains. We opted to drive rather than walk the surveyed lines to cover as much line as possible. The vehicle was driven slowly (about 10 km h -1 ), taking 1-2 days to cover each section. Fresh remains usually were accompanied by large numbers of feathers, making them fairly conspicuous. All carcasses were photographed in situ and their positions recorded by GPS. Samples were collected to sex carcasses on most surveys; Ludwig's Bustard males average 20% larger (mean wing chord: females 465 mm, males 551 mm; mean tarsus length: females 120 mm, males 139 mm; Allan 2005) and 80% heavier than females (females 2.2-3.0 kg, males 3.1-6.0 kg; Allan 2005), so their sex can be inferred from the size of major bones and flight feathers. Identification and sexing was verified using the comparative collections from the Iziko Museum, Cape Town.
Minimum collision rates (bustards killed per km of transmission line per year) were estimated based on numbers of fresh carcasses encountered, expressed in terms of the distance of line surveyed and the time between surveys (collision rate 5 number of dead bustards/line length sampled in km/sample interval in years). These are minimum values because they ignore biases in carcass detection (Bevanger 1998 , Janss 2000 , Janss and Ferrer 2000 : the proportion of birds crippled in collisions which moved off the survey strip before dying and hence remained undetected (crippling bias) and the proportion of collision victims that died within the survey strip that were removed from the survey strip by scavengers (scavenging bias) or were obscured by vegetation and not detected (habitat bias).
Demographic impacts
To model the demographic impact of power line mortality on the population of Ludwig's Bustard, we needed to determine the length of power lines within its range, the number of bustards and Fig. 1 ). Data for transmission lines were supplied by national electricity supply companies (Eskom and NamPower). We estimated minimum bustard mortality on transmission lines each year by extrapolating the observed collision rate recorded in our study across its range. Our surveys were confined to the core range of the species (Fig. 1) , so we arbitrarily assumed collision mortality rates were 50% lower in the periphery of its range, to account for predicted lower densities of bustards. Varying this assumption had little impact on the final conclusions. The sustainability of this mortality was assessed given a global population of Ludwig's Bustard of 56,000-81,000 individuals in the late 1980s (Allan 1994) . Few demographic data are available for Ludwig's Bustard (Allan 2005) so we used the demographic invariant method (DIM) (Wade 1998, Niel and Lebreton 2005) . In the absence of accurate demographic information, the DIM estimates whether anthropogenic mortality is sustainable by comparing the potential excess growth of a population increasing at its maximum rate with the number of individuals lost to unnatural mortality (Niel and Lebreton 2005, Dillingham and Fletcher 2008) . It uses adult survival (s) and age of first reproduction (a) to predict maximum annual growth rate (k max )
which is then used to infer the potential excess growth as Nb(k max -1), where N is the population size and b accounts for the effect of density on demographic performance and protects against biases in parameter estimation (Niel and Lebreton 2005, Dillingham and Fletcher 2008) . The maximum value of b 5 0.5 (Niel and Lebreton 2005) , but it has been suggested to use b 5 0.3 for near threatened species and b 5 0.1 for threatened species (Dillingham and Fletcher 2008) .
Unfortunately, there are no estimates of adult survival or age of first reproduction for Ludwig's Bustards, so we were forced to select a range of plausible values. Adult survival and age of first reproduction are known for three Eurasian bustards: Great Bustard Otis tarda (females 3.5-4.5 kg, males 7-15 kg; Cramp 1980) has s % 0.9 and a 5 3 (Alonso et al. 2004) , Houbara Bustard Chlamydotis macqueenii (females 1-2 kg, males 1.5-3 kg; Cramp 1980) has s % 0.9 and a 5 1 (Combreau et al. 2001) , and Little Bustard Tetrax tetrax (both sexes 0.7-0.9 kg; Cramp 1980) has s % 0.7 and a 5 1 (Bretagnolle and Inchausti 2005, although survival estimates may include some human-induced mortality). Ludwig's Bustards (females 2-3 kg, males 3-6 kg; Allan 2005) are intermediate in size between Great and Houbara Bustards, so their adult survival is expected to be similar (s % 0.9), but it is unknown at what age females start to breed. ) when some birds move west with winter rainfall in the Succulent Karoo (Allan 1997), but there was no evidence of an increase linked to birds returning east in early summer. Collision rates were lower in summer (Sept/Oct-March: 0.22 bustards km -1 yr -1 ) than in winter (May-Sept/Oct: 0.57), but this may be biased in part by the longer sampling interval during summer, resulting in an increase in scavenge and habitat biases. Overall, 82% (n 5 89) of bustards were sexed, of which 61% were males and only 39% females. This is significantly different from a 1:1 sex ratio (v 2 1 5 4.07, P , 0.05) and is much greater than the female-biased population reported by Allan (1994; v 2 1 5 13.25, P , 0.001).
Results

Initial clearing of the
Estimating the impact of collision mortality
Currently some 17,000 km of high-voltage transmission lines cross the range of Ludwig's Bustard, of which 60% are in the core of the species's range (Fig. 1) . Most (71%) of the transmission lines are in South Africa. Simple extrapolation suggests that at least 6,500 (95% CI 4,000-9,000) bustards are killed annually by transmission lines in the core range of the species. If the rate of collision mortality in the periphery of its range is half that in the core area, minimum annual mortality increases to 8,600 (5,300-11,900) bustards per year. Assuming the population remains the same as it was in the late 1980s (56,000-81,000 birds; Allan 1994), at least 11-15% of the bustard population is killed by colliding with transmission lines each year. Given male biased mortality and a female biased population, at least 7-10% of female and 16-22% of male bustards are killed in collisions each year. If the population has decreased since the late 1980s, these proportions will be even greater. These estimates exclude sampling biases (crippling, scavenging and habitat biases) as well as birds dying on lower voltage distribution lines and telephone wires.
The proportion of additional mortality predicted to be sustainable by the demographic invariant method is most sensitive to the age of first reproduction. Assuming Ludwig's Bustards have adult survival of 0.9, for b50.5 they can sustain at most 16% additional mortality if females start breeding after 1 year, 10% if they breed after 2 years, and 8% if they breed after three years, but this falls still further if a smaller value of b is used ( Table 2 ). In the absence of even crude estimates of demographic parameters there is considerable uncertainty as to the levels of mortality that can be sustained, but the most plausible scenarios currently predict that the population should be decreasing, probably quite rapidly.
Discussion
Objects in the landscape, such as power lines and wind turbines, have the potential to significantly increase mortality rates in large-bodied species, particularly raptors and bustards (Tellería 2009 , Rollan et al. 2010 or to impact on flight behaviour (Raab et al. 2011) ). Allowing for temporal variation in collision frequency, which probably reflects the erratic nature of Karoo conditions and the nomadic nature of Ludwig's Bustards (Allan 2005) , estimates of collision mortality were quite similar for all six areas sampled ( ). Table 2 . Sustainable additional mortality as a % of total population size estimated using the demographic invariant method, for b 5 0.5, 0.3 and 0.1 (see methods for details). Recent observations in Namibia by the NamPower/Namibian Nature Foundation Strategic Partnership indicate that Ludwig's Bustards also are affected by power line collisions in that country. These results confirm that collisions are a serious cause of mortality throughout the bustard's range. Our data were collected over large areas of relatively homogeneous habitat, whereas most published studies in this field present collision rates for relatively short sections of line adjacent to localised patches of habitat or points of aggregation for collision-prone birds ). Consequently we believe we are justified in extrapolating from our data across the species's range. Our data are minimum estimates of actual mortality on transmission lines, given biases in line surveys (Bevanger 1998 , Janss 2000 , Janss and Ferrer 2000 . Estimating these biases is timeconsuming and complex, and was not feasible for our study. Other studies have simply used conservative values based on published estimates (e.g. Sundar and Choudhury 2005, Shaw et al. 2010) . In the Karoo, scavenging bias is likely to be significant given the large populations of small and medium-sized mammalian predators. Habitat bias was increased by driving rather than walking under lines, reducing the detection rate for carcasses particularly in areas where rough terrain and dense vegetation hampered vehicle-bound observers. Taken together, it is likely that our surveys substantially underestimated actual kill rates (Bevanger 1995) .
We only estimated collision rates on high voltage transmission lines, but bustards also are killed after colliding with other overhead wires. Opportunistic records of power line mortality recorded over the last 12 years in South Africa by the Eskom/Endangered Wildlife Trust Strategic Partnership include 228 Ludwig's Bustard collisions, of which almost half (46%) occurred on distribution lines (# 66 kV). Also, power lines are not the only source of collision mortality. For example, telephone wires were estimated to account for 23% of Ludwig's Bustard mortality in the late 1980s (Allan 2005) . Given these additional sources of collision mortality and the likely survey biases which could not be estimated in our study, our estimate of transmission line mortality probably represents only 20% of the actual mortality on overhead wires.
Any assessment of the impact of collision mortality on the population of Ludwig's Bustard is hampered by the lack of demographic data for the species. Parameters from similar-sized bustards suggest that sustainable mortality cannot exceed 16%. However this may be optimistic, because a population viability analysis for the smaller Houbara Bustard estimated that human-induced mortality could not exceed 7.2% per year (Combreau et al. 2001) . The crude estimate of transmission line mortality alone represents 11-15% of the estimated Ludwig's Bustard population in the late 1980s. If the population has decreased since then, the current mortality will be an even larger proportion of the total population. Unfortunately there are no count data to assess the current population of Ludwig's Bustards. However, collision rates on transmission lines near De Aar have fallen from 1.5 to 1.6 bustards km Given that our estimate of transmission line mortality represents perhaps only 20% of total collision mortality, it is likely that the species is under severe threat. One factor perhaps operating in its favour is that male Ludwig's Bustards apparently are more prone to power line collisions than females. This probably occurs because males are much larger, heavier and less able to avoid aerial obstacles (Janss 2000 , and it may explain the female bias among Ludwig's Bustards (Allan 2005) . Similar male-biased collision mortality has been suggested to exaggerate female-biased sex ratios among local populations of Great Bustards (Martín et al. 2007) . Given the polygamous mating system (Allan 2005) , loss of males will have less demographic impact than loss of females, provided the population remains reasonably large. However, scavenging bias may be greater for smaller female bustards, so we may have overestimated male bias.
Clearly, more data are needed to resolve the conservation status of Ludwig's Bustard. Priorities include a repeat survey of the population and estimating key demographic parameters such as the age of first reproduction and survival. However, these preliminary data support the recent up-listing of Ludwig's Bustard on the IUCN Red List (http://www.iucnredlist.org/apps/redlist/-search). Under criterion A4, the species qualifies as globally 'Endangered', based on an estimated decline of 50-79% over three generations. This measure should help to stimulate further research and conservation action to reduce power line collisions and thus improve the conservation status of the species.
